brane disease which is a major CauSe Of death Of newborn (premature) proteinosis (Claypool et al., 1984) , and acute pancreatitis (Idegami et al., 1983) are examples of such conditions. Various pharmacological and toxic agents such as chlorphentermine (Kacew & Reasor, 1983) , imipramine and k
(~~~~k $~ $fe~~s~~.i~~-~~ Gutkowski, p, phosgene (Frosolono & Currie, 1983) , silica dust (Richards & Curtis, 1984) , asbestos (Tetley et al., 1977) , high oxygen (Lejman el al., 1983) and nitrogen dioxide (Kobayashi et al., 1984) all produce alterations in surfactant. These are review by Kikkawa & Smith (1983) .
Other antidepressants (Lewis et al., 1983) , 3-methy1indo1e Pozniczek, M, (1983) Folia, Biol, (Krakov) 31, 323-328 (Atwal, 1983) ,paraquat(R. J. Richards, work) , Lewis listed in Table 3 and further details will also be found in the Richards The composition of pulmonary surfactant is remarkable in many respects: its high lipid content, its very high proportion of phosphatidylcholine (PC), especially dipalmitoylphosphatidylcholine (DPPC), and its relatively large amounts of phosphatidylglycerol (PG) (e.g. Harwood & Richards, 1985) . These lipids presumably have a major influence on surAbbreviations used: DPPC, dipalmitoylphosphatidylcholine; PC, phosphatidylcholine; PG, phosphatidylglycerol; PI, phosphatidylinositol.
Vol. 13 factant function. Other components such as phosphatidylinositol (PI), a specific protein, and not insignificant amounts of cholesterol and triacylglycerols also likely contribute to the overall functionality of surfactant. At various stages of the 'life cycle' of surfactant, this composition leads to organization of lipids into different structures which are essential to surfactant function.
As background it is useful to review the 'life cycle' of surfactant as shown diagrammatically in Fig. 1 . Material is synthesized in the endoplasmic reticulum of type I1 pneumocytes and packed (I, 11) in bilayers in secretory units called lamellar bodies. After secretion (111) of the material into the aqueous extracellular lining (hypophase) it undergoes transformation (IV) into an unusual structure called tubular myelin, which appears to consist of arrays of rectangular tubules with intersecting bilayer walls (e.g. Sanderson & Vatter, 1977; Williams, 1977) . The material forms a monolayer at the air-water interface (V) which under dynamic compression (VI) can be refined, possibly by selective exclusion of some lipids (VII), to leave a DPPC-enriched film; such a monolayer is required to sustain the surface pressure which is equivalent to the very low (< 1 mN.m-') surface tension" found in the lung at low volume (e.g. Schurch, 1982) . The DPPC-enriched monolayer relaxes, possibly by the elimination of material (VIII) into the hypophase. Some respreading from the materials in the excluded phases might occur. Surfactant materials can undergo reuptake and recycling (IX, X) in the type I1 cell (e.g. Desai et al., 1978; Magoon et al., 1983; Williams, 1984) .
An important property of the surfactant monolayer is the ability to achieve low surface tension. It has been known for some time that DPPC is the principal constituent responsible for this property (Clements, 1967) . By studying the behaviour of monolayers of different PC's at different temperatures we demonstrated that the ability to achieve near-zero surface tension required monolayers of PC which were below their gel to liquid crystalline transition temperature (T,) no matter what their acyl chain composition was (Hawco et al., 1981a) . DPPC, with a T, of 41"C, has the necessary rigid acyl chains to form the required metastable packing arrangement in a monolayer under dynamic compression so that near-zero surface tension is reached.
When monolayers of DPPC mixed with PC whose T, were less than 37°C were compressed, they behaved in a way consistent with the need for rigid lipid to achieve low surface tension (Hawco et al., 1981a,b) , that state being achieved only with monolayers having high proportions of DPPC. The minimum surface tension reached depended on * Using the term surface tension to describe air-water interfaces containing the insoluble, metastable monolayers under high surface pressure (above the equilibrium spreading pressure) that are found in the lung is unconventional in terms of classical surface chemistry. Nevertheless, the term has been used fairly widely in the literature on pulmonary surfactant and, for consistency, I will use it here. the proportion of DPPC, the compression rate, and the specific fluid PC used as the second component. One explanation of the minimum surface tensions achieved was that selective exclusion of fluid-lipid enriched portions ( Fig. 1 , VII) occurred during compression. Such exclusion would be dependent on formation of DPPC-poor and DPPC-enriched domains in the monolayer and consequently it would be influenced by the proportions of DPPC and the mixing properties of the fluid PC with DPPC. While a process of selective exclusion is an attractive one to explain enrichment of monolayers in DPPC, the possibility that enrichment is achieved in situ by selective insertion of lipids cannot be discounted.
When lungs are held at low lung volumes or when DPPC-enriched monolayers or compressed surfactant films are held at high compression, the surface tension slowly returns from near-zero to values of the equilibrium surface tension (surface tension of a monolayer in equilibrium with material in the hypophase), possibly through lipid leaving the surface (VIII). Relaxation of monolayers of unsaturated PC is so fast that they effectively collapse at or near equilibrium surface tensions. Goerke & Gonzales (1981) have demonstrated that the metastable state at low surface tension requires the presence of rigid chains in the PC, a need met by DPPC at 37°C.
Other lipids such as sphingomyelin and dipalmitoylphosphatidylglycerol can be compressed to near-zero surface tension, but unsaturated PG collapses at much higher surface tensions, again reflecting the need for rigid chains to get to low surface tensions (e.g. Fleming et al., 1983) . On the other hand films of dipalmitoylphosphatidylethanolamine (T, = 64°C) collapse near the equilibrium surface tension. Increasing the methylation of the amino group leads to decreasing minimum surface tension (Hawco, 1982) . Thus the metastable state required for very low surface tension requires packing which is also influenced by the head group. Possibly a head group conformation or hydration that is unattainable by PE is required.
The formation of a monolayer (Fig. 1, V ) from a dispersion of surfactant can occur in a matter of seconds. Some simple calculations suggest that the concentration of free lipid in such a dispersion would have to be least some 3-4 orders of magnitude greater than that for DPPC in order t o have monolayer formation proceed from lipid molecules in free solution. It is likely that some concerted mechanism whereby assemblages of lipids are transferred to the interface may be necessary to accommodate the rapid absorption rates.
PC below their T, do not absorb to, or spread in, an air-water interface quickly. So DPPC alone would make a poor pulmonary surfactant. The other components of surfactant have a role in promoting the absorption rate. Addition of fluid PC to DPPC enhances the rate of monolayer formation, as does cholesterol. Even then, however, rates do not usually achieve those seen for whole surfactant.
Other components appear to be necessary to promote the concerted transfer suggested for surfactant. It can be envisaged that packing inhomogeneities in bilayers, at lateral domain boundaries or regions of non-bilayer arrangements, could provide sites for inhibition of such transfer. Similar transformation via such regions may occur during bilayer fusion. Such regions could be formed by lipid segregation and head group dehydration promoted by CaZ+ and, in the case of surfactant, by surfactant-specific apoprotein.
Electron micrographs of tubular myelin suggest that it is formed by fusion of bilayers (e.g. Sanderson & Vatter, 1977) . Schemes which pictorally describe the fusion of bilayers (e.g. Cullis et al., 1980) also describe well the formation of tubular myelin. In freeze-etch studies the points of intersection of tubular myelin 'walls' show intramembranous particles (e.g. Williams, 1978) which could conceivably be small regions of hexagonal I1 phase or inverted micelles, packing arrangements suggested as intermediates in dynamic processes such as bilayer fusion (e.g. Cullis el al., 1980) . Similar particles have been seen occassionally in lamellar bodies (e.g. Smith et al., 1973) .
It is possible that the negatively charged lipids, PG or PI, might have some role in the formation of tubular myelin and monolayers. The type and amount of acidic lipids present in surfactant may not make them sufficient alone, but acidic lipid plus other components such as cholesterol, CaZ+ and apoprotein promote these processes. Respreading of monolayers from collapse phases was not substantially enhanced by the presence of unsaturated PG (e.g. Fleming et al., 1983) King et al., 1983) it has been found that CaZ+ and apoprotein in combination with the lipids enhance both monolayer formation and lipid aggregation. At this point available evidence is consistent with a concerted insertion of lipid into the monolayer, such a process being influenced by the occurrence of bilayer packing inhomogeneities. The evidence is in favour of tubular myelin being the immediate precursor of the monolayer, but does not, as yet, preclude the possibility that tubular myelin is formed as a by-product (fused bilayers) while lipids are concurrently inserted into the monolayer.
Surfactant lipid must then apparently transform from fluid to rigid states, even to non-bilayer states, with some facility. The requirements for lipid phase and how they are met are summarized in Table 1 . It is not surprising that one finds that surfactant suspensions undergo broad thermotropic phase transitions (Keough etoal., 1985) which encompass, or are completed near, 37 C. The lipid mixture may thus be poised for facile interconversion of the required states, either through the influence of Ca2+ and protein in the subphase, or by selective exclusion in the monolayer. A delicate balance is probably essential for continued healthy lung function. This would imply that agents which interfere with the balance of phases could have detrimental effects on surfactant function. This view of surfactant gives coherence to understanding mechanisms of action, can serve as a basis for the design of experiments relating composition t o function, and can aid in the design of synthetic surfactants.
We have tested the need for such a balance in the following way. Turtles were acclimated over long times (>4 weeks) to temperatures between 5 and 32"C, and the lipid composition of their lung lavages was analysed (Lau & Keough, 198 1) . Changes in surfactant lipids, especially in PC, occurred in ways consistent with a homeoviscous response: increased palmitate and decreased unsaturation in PC were found with rising temperature. This gives us some confidence that the need for a balance of lipid phases is of some consequence to the lung, and not just to the physical chemist. Certain amphiphilic drugs, gaseous and particulate toxins are known to alter the level of pulmonary surfactant in the lung. One mineral in particular, crystalline silica or &-quartz, will produce changes in rat lungs after inhalation (Heppleston et al., 1974) or instillation (Richards et al., 1983) which are similar to those observed in the condition known as human lipoproteinosis (Ramirez & Harlan, 1968) . This disease is associated with excessive accumulation of surfactant at the alveolar surface and in the rat the condition is often progressive and is both time and dose dependent on the level of instilled quartz (Richards et al., 1983) . Surfactant levels do not return to normal in quartz-treated animals and up to 1 year after a single exposure to 5mg of the mineral, six or seven times the normal level of surfactant may be removed from the lung surface by lavage. Light and electron microscopical studies of quartztreated lung tissue indicates that 15 weeks after exposure to a single (5 mg) instillation of mineral, alveolar thickening has taken place with the appearance of numerous cuboidal epithelial-like cells of type I1 origin. The alveolar space is also full of debris and so called 'free cells', which may be a mixture of normal, enlarged and foamy macrophages, shed type I1 cells and polymorphs. As the lipoproteinosis progresses so the number of cuboidal type 11-like cells increase such that 9 months after first exposure to quartz some areas of the lung surface are completely devoid of type I cells and hyperplasia by type 11-like cells is firmly established. In some areas of lung the alveolar spaces become completely consolidated with so-called cholesterol cleft formation. Much of this material is made from a variety of the different morphological forms of pulmonary surfactant including shed lamellar bodies, tubular myelin and common myelin.
There may be some advantages in the accumulation of pulmonary surfactant at the early stages after quartz exposure in that the lipoprotein complex may protect epithelial cells from the mineral by coating the dust, thus making it less damaging to cell surfaces (Desai et al., 1975) . Excess surfactant may also stimulate mineral clearance by promoting macrophage numbers or may even depress the fibrogenic potential of interstitial fibroblasts (Richards & Curtis, 1984) .
The present work was designed to investigate the metabolism of surfactant and lung phospholipids in both control and quartz-treated rat lungs with special emphasis on the early phases of mineral-induced lipoproteinosis. Attempts were made to determine whether surfactant accumulation was related to elevated synthesis of lipoprotein or was due Abbreviations used: PC, phosphatidylcholine; DPPC, dipalmitoylphospha tidylcholine.
to depressed degradation of the complex or a combination of both (Heppleston et al., 1974) . In addition, methods have been devised to study the role of various lung compartments in the turnover of radiolabelled, natural surfactant in both healthy and quartz-treated lungs.
Specific pathogen-free, male rats were used throughout and the first experiments were designed t o study the synthesis of phosphatidylcholine (PC) and dipalmitoylphosphatidylcholine (DPCC) in lung tissue. Control animals (instilled with O.15M-NaCI) and those given quartz (5.0 mg in O.15M-NaCl) were killed at varying time intervals up to 8 weeks after mineral institlation. The lungs were removed and lavaged to obtain the free cell population and a purified preparation of surfactant (Richards & Curtis, 1984) and the remaining lavaged lung tissue sliced into 1-2 mm sections. One fraction of this lavaged lung tissue was used to measure DNA and protein; another was homogenized in 0.15 M -NaCl and used to assess the activity of enzymes which were considered important in phospholipid synthesis. Enzyme activities were measured by the methods of Skurdal & Cornatzer (1 975) (phosphorylcholine glyceride transferase), Rooney et al. (1979) 30 min and 2 h in these incubation studies which employed similar methods t o those described by Bradley et al. (1974) for studying collagen synthesis in lung slices maintained in vitro. Lipids were extracted from lung samples by the method of Garbus et al. (1963) and phospholipids separated by thin-layer chromatography on silica gel G plates in chloroform/methanol/acetic acid/water (170:30:20:7, by vol) . DPPC was separated from PC by argentation chromatography on silica gel G plates impregnated with silver nitrate (2096, w/v) by the method of Arvidson (1968) .
The data derived from control and quartz-treated rats at 2 and 8 weeks after mineral exposure are shown in Fig. 1 . At 2 weeks after quartz exposure lipoproteinosis has started as shown by the increase in alveolar surface surfactant. Total lung PC is elevated in quartz-exposed rats and equates well with the rise in PC synthesis as measured in lung slices. However, there is no significant increase in the activities of enzymes involved in PC synthesis after quartz exposure for 2 weeks. DPPC levels in the whole lavaged lung are twice as high in quartz-treated rats at 2 weeks as those found in control animals. Synthesis of this moiety by lung slices is not significantly different in control or quartz-treated rats. At 8 weeks, lipoproteinosis is far more advanced in quartz-treated lungs which have seven times as much surfactant as control rats. In the quartztreated tissue total PC is increased (five times control), PC synthesis is significantly elevated and total lung phospholipid-synthesizing enzyme activities are also significantly
